Legumes possess by unique possibility to interact with soil proteobacteria, known as rhizobia, forming on the roots the special organs called symbiotic nodules, where nitrogen fixation takes place. To form the nodule, rhizobia should penetrate inside root tissue, where they colonize a nodule primordium, formed from the reactivated root cells. One of the ways of root infection by rhizobia occurs via formation of a transcellular tubular structure, termed infection thread (IT), which grows through the cytoplasm by apical deposition of primary cell wall material. Numerous mutants impaired in the infection thread development were obtained in different legumes. Genetic analysis has revealed that mutants belong to different complementation groups; this means the existence of precise genetic control over infection thread development. Moreover, it was suggested that infection and nodule organogenesis are regulated with independent but coordinated genetic programs. Using the model legumes, a set of plant genes, controlling infection thread development was identified. These genes encode transcriptional factors, LysM receptor kinases, E3 ubiquitin ligases, SCAR/WAVE actin regulatory complex, nitrate transporter, remorins, flotillins, proteins involved in membrane biogenesis and traffic, and some other components. In this review, we briefly summarized our current knowledge about genetic control over developmental processes associated with infection thread.
Introduction
As a result of the interaction of leguminous plants and soil bacteria, collectively called rhizobia, a specialized new plant organ, the symbiotic nodule, is formed. The interaction is based on the exchange of signal molecules between the plant and bacteria, resulting in the coordinated expression of the symbiotic genes of both partners. On the plant side, flavonoids serve as the primary signal, and lipo-chitooligosaccharides, called Nod factors, on the part of rhizobia [1] . The perception of Nod factors by the plant is mediated with the specific receptors. They are represented by transmembrane serine/threonine receptor-like kinases with extracellular domains containing three LysM motifs [2, 3] . In Lotus japonicus, the receptors are encoded by the genes Nod factor receptor kinase 1 and 5 (LjNfr1 and LjNfr5). In Medicago truncatula and Pisum sativum orthologous pairs of the genes Nod factor perception (MtNfp) and PsSym10 [4] and LysM domain-containing receptor-like kinase (MtLYK3) [5] and PsSym37 [6] were revealed. The receptors form heteromeric complexes, and it is assumed that not all the components of such complexes have been identified. In addition to the previously described receptors, localized on plasma membrane, a receptor-like kinase with leucine-rich repeat (LRR) encoded by the genes DOES NOT MAKE INFECTION2 (MtDMI2) in M. truncatula [7] , SYMBIOSIS RECEPTOR-LIKE KINASE (LjSYMRK) in L. japonicus [8] , and PsSym19 in pea was identified [8, 9] .
It was shown that MtDMI2 interacts with 3-hydroxy-3-glutaryl coenzyme A reductase 1, an enzyme of mevalonate biosynthesis [10] . Mevalonate is a secondary messenger that transmits a signal from the components of the signal pathway localized on the plasma membrane to the nucleus, resulting in the generation of nuclear and perinuclear calcium oscillations [11] .
Calcium oscillations in the nucleus are generated by the functioning of several channels localized on the nuclear membrane. The complex of MtDMI1 and MtCNGC15 regulates the sustained calcium oscillation [12] , and calcium ATPase MtMCA8 returns calcium back to the lumen of the nuclear envelope [13] . Calcium oscillations in the nucleus activate calcium and calmodulin-dependent protein kinase LjCCaMK (MtDMI3 in M. truncatula), which phosphorylates the transcription factor LjCYCLOPS (MtIPD3 in M. truncatula) to stimulate the expression of symbiotic genes [14, 15] . It is likely that the complex MtDMI3 and MtIPD3 can be linked to the complex of GRAS domain-containing transcription factors MtNSP1 and MtNSP2 via the MtDELLA transcription factor, which is also necessary for the expression of symbiotic genes [16] .
The first morphological changes observed in the action on legume plants of Nod factors are deformations and curling of the root hairs. They are accompanied by an active reorganization of the actin and tubulin cytoskeleton [17] [18] [19] [20] [21] [22] . The further stage of infection is the formation of an infection thread (IT), a special tubular structure that ensures the penetration of rhizobia into the root [23, 24] (Figure 1a-d) . The process of the IT development will be discussed in detail in the subsequent sections of the review. In parallel with the induction of the infection process in the root, cortical cell divisions are activated, resulting in the formation of nodule primordium [19] (Figure 1b) . When the IT reaches the primordium cells, specialized outgrowths of the IT, devoid of cell wall and surrounded by only a plasma membrane, called infection droplets are formed [23] (Figure 1e) . From these outgrowths, bacteria are released into the plant cell cytoplasm (Figure 1f) . Bacteria are separated from the cytoplasm by a peribacteroid (symbiosome) membrane. As a result of differentiation of rhizobia, a specialized nitrogen fixation form, called bacteroid, is formed. A bacteroid surrounded by a peribacteroid membrane is known as a symbiosome [25] . 
Plant genetic control over the IT development

Identification of mutants impaired in IT growth
First abnormalities of IT growth were identified during the analysis of natural populations of red clover, the recessive homozygote i e i e . formed hypertrophied ITs [26] . Pioneering studies aimed at identification of pea symbiotic mutants after experimental mutagenesis allowed to identify the first mutants impaired in IT growth. Mutants in several independent genetic loci were characterized with interruption of IT growth at the early stages of nodule development, leading to the absence of nodules (Nod − phenotype) [27] [28] [29] [30] [31] (Figure 2a, b) . Further studies revealed pea symbiotic mutants blocked at the later stages of IT development, when nodules are formed, but they are ineffective (Fix − phenotype) [32, 33] . The comprehensive genetic and phenotypic analysis revealed the significant amount of different genetic loci, controlling IT development in different crop legumes [34, 35] . In pea, 11 different loci, involved in genetic control over IT growth, were identified [36] . Moreover, based on performed phenotypic analysis, the existence of two genetic programs involved in nodule formation, infection and nodule organogenesis, and the coordination between the development of both programs were suggested [37] .
However, the molecular products encoding by these loci have not been identified for a long time. The significant progress in identification of genes, controlling IT development, was achieved using two model legumes: M. truncatula and L. japonicus, and it is allowed to identify the sequences of some previously revealed loci in pea [6, [38] [39] [40] .
Formation of growth chamber (pocket)
Root hair curling leads to entrapment of a single cell of rhizobia. Bacterium inside root curling actively divides, which leads to the formation of a microcolony, which in turn develops within the infection chamber (pocket), gradually increasing in size, and which is accompanied by a reorganization of the infection chamber. For M. truncatula, accumulation of the exocytosis marker Vesicle-Associated Membrane Protein 721e (MtVAMP721e) during the reorganization of infection chamber was observed [41] . Transport of vesicles to the membrane surrounding the infection chamber begins several hours after the end of the root hair curling. Accumulation of the infection-associated secreted protein MtENOD11 around the entrapped bacteria is probably related to the plasticity of the cell wall necessary for radial expansion and subsequent initiation of polar growth of the IT. Continuous deposition of new membranes and extracellular materials, including MtENOD11, from 10 to 20 hours after the root hair curling leads to a radial enlargement of the chamber and its transformation into a globular, IT-like compartment. Thus, the initiation of the IT should be considered as the tip growth of the expansion forming from an IT-like compartment [41] .
Cytoskeleton rearrangements in a root hair
The initiation of IT growth is accompanied by a reorganization of the cytoskeleton elements and the movement of the nucleus in the root hair cell. It was shown that the microtubules form a dense network surrounding the growing IT and the connecting tip of the IT with the nucleus, whereas the longitudinal microtubules were parallel to the IT. The nucleus, with the growth of the IT, moved from the root hair curling to its base [19] .
Changes in the location of the nucleus are also observed in the cells of the outer cortex that are underlying to the cells of the root hairs. In such cells, the nucleus occupies a central position, and the cytoplasm forms elongated strands oriented parallel to the direction of growth of the IT that penetrates and grows in these strands. Therefore, these cytoplasmic strands are called "preinfection threads" [42] . Preinfection threads were surrounded by longitudinal microtubules connecting the different ends of the cell [19] . In general, it is assumed that the microtubule network provides polar growth and serves as a template for the formation of an IT [43] . However, specific genes that control the reorganization of microtubules during the initiation and growth of the IT have not been identified.
The role of actin microfilaments in the development of an IT was studied using the analysis of mutant genes involved in the regulation of their functioning. These mutants were characterized by pleiotropic effects; in particular, along with defects in the nodule development, the development of trichomes was disrupted [44] . In L. japonicus, the gene ACTIN-RELATED PROTEIN COMPONENT (LjARPC1), which encodes the subunit ACTIN-RELATED PROTEIN2/3 (APR2/3) complex controlling the nucleation process of Y-shaped branched actin microfilaments, was identified [45] . Expression of this gene is observed in all organs of the plant. Mutants are characterized by a decrease in the number of microcolonies formed in curled root hairs, as well as a decrease in the number of ITs initiated, which were mostly aborted in the root hairs. Herewith, "empty" nodules without the ITs were formed. In the mutant Ljarpc1, differences in the organization of F-actin from the wild type were observed only in short root hairs. The transverse organization of actin microfilaments was more pronounced in them, and in mature root hairs, the actin microfilaments were located longitudinally, similarly to the wild type. The negligible abnormalities in F-actin can be explained that Y-like microfilaments represent a minor fraction of the actin cytoskeleton. However, abnormalities in this fraction of F-actin lead to significant disturbances in the development of IT, which may indicate that a network of Y-shaped actin microfilaments can participate in the initial selection of the site of initiation of IT and/or the subsequent management of endoplasmic microtubules, ensuring preservation of the growth polarity [45] . L. japonicus mutants Ljpir1 (121F-specific p53 inducible RNA) and Ljnap1 (Nck-associated protein 1) [22] , as well as M. truncatula mutant Mtrit-1 (required for infection thread) (MtRit-1 is orthologous to the gene LjNap1 [46] ), were characterized by a similar phenotype. These genes encode the components of SCAR/WAVE (suppressor of the cAMP receptor defect/ WASP family verpolin homologous protein) complex that activates the APR2/3 complex. In mutants, Ljnap1 and Ljpir1, disorganization of the actin cytoskeleton, the formation of transversely oriented microfilaments in the root hairs, and the absence of reorganization of F-actin in response to inoculation (in particular, the accumulation of fine F-actin at the tip of the root hair) were observed. Also in these mutants, a decrease in the number of microcolonies in curled root hairs and a disintegration of ITs were observed, and only rare ITs reached the base of the root hair cell [22] . Thus, it is obvious that the reorganization of the actin cytoskeleton plays a leading role in the initiation and growth of the IT.
Later, another gene of L. japonicus, SCAR-Nodulation (LjSCARN) encoding a component of the SCAR/WAVE complex was identified [47] . Mutants in the Ljscarn gene were blocked at the stage of initiation of IT growth, after the formation of an infection chamber. In some hairs, the release of bacteria into the cytoplasm of the root hair cell was observed. Sometimes, the development of ITs was initiated, but they were aborted at the base of the root hair cell.
Similarly, mutants in the genes Ljnap1 and Ljpir1 and mutants in the Ljscarn gene formed empty uninfected nodules. In contrast to the previously described mutants in the genes encoding the components of the SCAR/WAVE complex, all five mutations studied in the Ljscarn gene did not affect the development of trichomes. It was shown that the expression of LjSCARN is activated by the transcription factor LjNIN when it is bound to the LjSCARN promoter. Unlike the mutants Ljarpc1, Ljnap1, and Ljpir1, the mutations in the Ljscarn gene showed no disturbances in the organization of the actin cytoskeleton at the early stages of development, and it is likely that LjSCARN is needed at later stages of the reorganization of the cytoskeleton in the development of the IT [47] .
The role of initial components of the Nod factor signaling pathway
Numerous studies have shown that the reception of Nod factors is important not only at the earliest stages of symbiosis development but also for the development of the infection process [40] . For example, Mtlyk3 mutants showed early responses to the action of the Nod factor, but the development of the infection process was blocked [5, 48] . Mutants in the orthologous gene Pssym37 was also characterized with the interruption of IT growth [6, 37] (Figure 2a) .
In M. truncatula, the suppression of the level of expression of the gene SYMBIOTIC REMORIN 1 (MtSYMREM1) led to the formation of abnormal nodules with a reduced meristem and an increase in the number of ITs that highly branched, formed "sac"-like structures, but aborted in the outer cortex. All this indicates the loss of the ability to polar growth by ITs. MtSYMREM1 interacts with MtNFP, MtLYK3, and MtDMI2, suggesting that MtSYMREM1 is a scaffold protein, which determines the spatial regulation of receptor complexes during nodule development [49] .
In addition to the symbiosis-specific remorin MtSYMREM1, two flotillin-like proteins (FLOT2 and FLOT4) were detected in M. truncatula [50] . MtFLOT4 is predominantly localized at the tips of the root hairs inoculated with S. meliloti, which is possibly related to its role in the polar growth of the IT. Silencing of the MtFLOT2 and MtFLOT4 genes reduced the number of ITs, whereas the number of aborted threads was increased. It was suggested that MtFLOT2 and MtFLOT4 are involved in the primary invagination of the IT in the root hair cell, and MtFLOT4 is also necessary for the growth of the IT [50] . It was shown that in the root hairs, MtLYK3 and MtFLOT4 are localized independently in the absence of rhizobia, but are colocalized after inoculation, while their stabilization in the membrane is observed. It should be noted that later MtLYK3 was localized in the membrane of the IT, which indicates its possible role in the development of infection [51] .
Deactivation of the gene MtHMGR1, encoding 3-hydroxy-3-glutaryl coenzyme A reductase 1, by RNA interference, led to disturbances in the development of the infection process [10] .
In L. japonicus, LjCYCLOPS is a substrate that phosphorylates LjCCaMK. Analysis of a series of allelic mutants in Ljcyclops revealed that the mutants form nodule primordia, but no further development of nodules occurs. In the mutant Ljcyclops-3, the curling of the root hairs was colonized; however, ITs did not develop [14] . At the same time, mutants in orthologous genes Mtipd3 [52, 53] and Pssym33 [33, 53] formed nodules with ramified network of thicken IT, from which bacterial release does not occur (Figure 2c, d ). However, a pea mutant, carrying the allele Pssym33-3, forms nodules in which infection droplets are formed [54] and bacterial release occasionally occurs [55] . LjCYCLOPS is also involved in the organogenesis of the nodule, being a transcription factor activating the LjNIN gene [56] .
LjNIN (Nodule inception) was the first symbiotic gene whose nucleotide sequence was detected in legumes [57] . Mutants in this gene were characterized by the lack of initiation of cell divisions of the inner root cortex and pericycle, a characteristic reaction in response to inoculation by rhizobia. At the same time, curling of root hairs was observed in mutants, and their numbers were greatly increased, in comparison with the wild type. LjNIN encodes a transcription factor with a DNA-binding RWP-RK domain that is actively expressed not only in young but also in mature nodules [57] . In pea, an orthologous PsSym35 gene was identified; three allelic mutants in this gene were characterized by intense excessive root hair curling and lack of cortical cell divisions [38, 58] . In M. truncatula, two mutants were identified: Mtnin-1 and Mtnin-2, which were also characterized by excessive root hair curling and lack of division in the root cortex; although in the mutant Mtnin-2 the development of ITs was occasionally initiated, however, they were aborted in the root hairs, indicating that Mtnin-2 is a weak allele [59] . Thus, analysis of the NIN mutants obtained in various legume species showed that it occupies a leading position both in the development of infection and in the organogenesis of the nodule [59] .
Genetic analysis revealed in M. truncatula two loci NODULATION SIGNALING PATHWAY 1 and 2 (MtNSP1 and MtNSP2), functioning after MtDMI3 [60, 61] . Mutants in these genes are characterized by the presence of deformations of the root hairs and the induction of calcium oscillations in response to inoculation with rhizobia, but cortical cell divisions and IT growth are completely absent [60] [61] [62] . These genes encode transcription factors belonging to the GRAS family and localized in the nucleus [63, 64] . Both genes are characterized by constitutive expression, the level of expression of MtNSP1 is not altered by inoculation with rhizobia [63] , and MtNSP2 is increased [64] . In L. japonicus, the orthologous genes LjNSP1 and LjNSP2 were identified [65, 66] . The level of their expression increased after inoculation with rhizobia (although a slight decrease was observed by day 2 after inoculation) [66] . The LjNSP2 gene was shown to be suppressed in mature nodules [65] . PsSym7 is an ortholog of the MtNSP2 gene [39, 64] and Pssym34 is an ortholog of the MtNSP1 gene [67] . It has been shown that MtNSP1 and MtNSP2 form a complex that is associated with the promoters of the early nodulin genes (in particular, the MtENOD11 gene). In vitro, MtNSP1 binds to the MtENOD11 promoter via the AATTT cis-element, but in vivo such an association requires the participation of MtNSP2 [68] . In MtNSP1, the LHRI and LHRII domains are involved in binding to DNA, and in MtNSP2, the LHRI domain is required for binding to MtNSP1. Moreover, the complexes MtNSP1 and MtNSP2 activate promoters MtNIN and MtERN, encoding the other transcriptional factors [68] .
In M. truncatula, the transcription factor ERF REQUIRED FOR NODULATION 1 (MtERN1) belongs to the ERF family (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR) containing the highly conserved AP2 DNA-binding domain [69] . Mutations in the Mtern1 gene lead to a block of infection after the formation of the microcolony of rhizobia in a curled root hair, although occasionally ITs are initiated, but they are aborted in the root hairs [69] . Mutants in the homologous gene Mtern2 lead to the formation of nodules with signs of early senescence. The double mutant line Mtern1-1 Mtern2-1 was completely incapable to initiate the development of infection and nodule organogenesis, indicating a functional redundancy of both transcription factors. At the early stages of infection, the functioning of both MtERN1 and MtERN2 is important, whereas at the late stages of development only MtERN1 functions [70] . In L. japonicus, LjERN1 gene, an ortholog to the MtERN1, was identified; the ortholog of the MtERN2 gene is absent [71] . Mutants of the Ljern1 gene are characterized by a block at the stage of penetration of the IT into the root cortex and undeveloped nodules (bumps) are formed. In mutants, the frequency of the formation of ITs in the root hairs was reduced, and mutations influenced the frequency of root hair deformations, characterized by the formation of characteristic deformations in the form of balloons. It should be noted that in a mutant, which carries the weak allele of the gene, nodules with penetration of ITs were observed. The LjERN1 gene was characterized by constitutive expression in the roots, and it was enhanced by inoculation with rhizobia. The LjERN1 expression is induced by LjCYCLOPS and LjNSP2, as its level was reduced in the mutants in these genes. At the same time, in Ljnin mutant, the expression of LjERN1 did not change, which indicates that LjERN1 and LjNIN can play a different role in the positive regulation of root hair deformations and the growth of the ITs [71] . In an another study, it was shown that LjCYCLOPS can bind to the cis-element of the CYC-Response Element in the LjERN1 promoter region, which has a similar sequence to the cis-element in the LjNIN promoter. Activation of LjERN1 by LjCYCLOPS was observed in the presence of an autoactive form of LjCCaMK 314 , indicating a positive regulation of LjERN1 by the LjCCaMK-LjCYCLOPS complex [72] .
Recently, another component of the Nod factor activated signaling pathway, MtDELLA proteins, has been identified, which is involved in the activation of genes that control the infection and organogenesis of the nodule [16] . DELLA are known as transcriptional repressors, whose degradation by the 26s proteosome complex is induced by gibberellic acid [73] . Indeed, treatment of M. truncatula plants with gibberellic acid led to a decrease in the number of nodules and ITs. It was demonstrated that MtDELLA can be a component of a large complex, including MtDMI3-MtIPD3 and MtNSP2-MtNSP1 [16] .
Cell wall remodeling
In addition to the reorganization of the cytoskeleton elements for the growth of the IT, the cell wall has to be re-modeled, as the IT moves along the root hair, enzymes for the synthesis of the cell wall, structural proteins, and components of the cell wall are constantly delivered to its tip. When the IT reaches the base of the root hair cell, the tip of the IT wall should fuse with the cell wall of the root hair. In addition, to promote the IT between the root hair cell and underlying subepidermal cell, local cell wall degradation in both cells must occur, followed by a new synthesis of the cell wall [23] .
It was shown that one of the enzymes involved in rearrangement of the cell wall is pectate lyase [74] . In L. japonicus, a mutation in the gene nodulation pectate lyase (Ljnpl) leads to the blockage of infection in the root hairs; most often after the formation of an infection chamber, only rare ITs grow to the cell wall of the next cell. At the same time, white nodules formed on mutant roots, most of which were uninfected. The LjNPL gene was activated by the transcription factor LjNIN. Other enzymes involved in the degradation of cell wall elements during nodule development, such as pectin-methyl esterase, have also been identified [74] .
A study of the growth of ITs in vivo revealed that the colonization of IT by rhizobia constitutes a combination of movement of rhizobia along the thread, the formation of gaps between short rows of rhizobial cells, and the subsequent division of these cells, which fill the gaps [75] . To move inside the IT, rhizobia use a mechanism of sliding mobility, which is characterized by a joint movement of the bacterial population. It is likely that rhizobial exopolysaccharides play an important role in providing this movement, because it has been shown that rhizobia in an IT are surrounded by an exopolysaccharide capsule [76] . The lumen of the IT is filled with a matrix containing plant extracellular glycoproteins [77] . It was suggested that in zone of the IT growth, its colonization by rhizobia depends on the transition of the matrix of the thread from the fluid gel state in which the rhizobia are able to move and divide into a solid state [23] . This transition is observed about 60 μm from the IT tip and is provided by cross-linking of root tyrosine residues of root nodule extensin as a result of the action of hydrogen peroxide [78] . It is likely that in the case of an ineffective infection, for example, as a result of mutations in the exopolysaccharide genes, the level of hydrogen peroxide increases, which leads to abnormal matrix solidification and abortion of the infection [23] .
Bacterial colonization as the limiting stage of IT growth
Bacterial colonization appears to be the limiting stage in the IT growth [75] . At the beginning of growth, the IT contains rare bacteria, and there is a free space in the tip, which is probably due to the fact that the potential rate of lengthening of the IT is higher than the rate of progression and division of bacteria. Therefore, the growth of the IT is a discrete process in which the stage of rapid growth of the tip of the IT provided by the plant resulting in the formation of free space is replaced by the stage of its colonization as a result of sliding mobility and division of rhizobia [75] . It is noteworthy that the distance between the tip of the root hair and the rhizobia does not exceed 10 μm, which indicates a signal exchange between the symbionts. In such signaling molecules, one can assume both Nod factors [23] and low molecular weight exopolysaccharides [79] .
The role of exopolysaccharides
Indeed, in L. japonicus, a gene recognizing exopolysaccharides was identified [80] . This receptor, which is a receptor-like kinase with 3 LysM-like domains, is encoded by the gene Exopolysaccharide receptor 3 (LjEpr3). The mutants for the Ljepr3 gene manifested a suppressor effect with respect to Mesorhizobium loti strain R7AexoU producing defective truncated exopolysaccharides, forming normal pink and white nodules. At the same time, in the wild-type plants after inoculation with a defective strain producing truncated exopolysaccharides, small white nodules are formed. In the mutants in the gene Ljepr3, the number of ITs also increased when inoculated with the R7AexoU strain, and the infections that progressed through cracks in the epidermis were also observed. This indicates that the function of the LjEPR3 receptor is infection control, both through ITs and through epidermal cracks. Direct binding of exopolysaccharides to the receptor has been demonstrated. Activation of the components of the Nod factor signaling pathway is necessary to activate LjEPR3 [80] . Later, it was shown that LjEPR3 is necessary for the development of an IT not only in the epidermis but also during its growth in subsequent layers of the root in the direction of the nodule primordia, as mutants in the Ljepr3 gene are characterized by impaired development of the IT at this stage [81] .
The role of other genes in infection process
The active analysis of mutants in model legumes, conducted in recent years, reveals the new genes involved in the control of the development of the IT. In L. japonicus, the LjCERBERUS gene encoding E3 ubiquitin ligase containing a U-box domain and three WD-40 repeats at the C-terminal was identified [82] . Mutants in this gene form small uninfected nodules, and the infection process stops at the stage of formation of the microcolony (colonization of the infection chamber (pocket)). ITs occasionally developed in short root hairs, but they were aborted in the root hairs, not penetrating the underlying layers of the root cortex. The fact that the roots of the Ljcerberus mutant transformed with a construct containing LjCCaMK T265D , encoding autoactive form of kinase, formed spontaneous nodules indicates that LjCERBERUS is not involved in the organogenesis of the nodules. Nevertheless, with the inoculation of rhizobia, the number of nodules increased significantly, although in such nodules, there was no bacterial release into the cytoplasm of plant cells. Thus, LjCERBERUS can play a role not only in the initiation and growth of the IT but also in coordinating the development of the infection process with the organogenesis of the nodule [82] . In M. truncatula, an ortholog to the LjCERBERUS gene, the Lumpy Infections gene (MtLIN) was identified [83, 84] . A study of the pattern of expression of this gene showed that in the early stages of nodule development, it is associated with the dividing cortical cells forming nodule primordia, at later times in the central zone of young nodules, and in mature nodules, its pattern was restricted to the infection zone. The obtained results are a good confirmation of the previously put forward hypothesis that the organogenesis of the nodule depends on the degree of development of the infection process [37, 84] . Previously, the role of E3 ligases has been shown in a manifestation of defense reactions; therefore, the possible function of MtLIN in nodule development is the fine regulation of defense responses, by maintaining the precise spatiotemporal activity of target proteins [84] . Later, with the use of the new Mtlin-4 allele, which forms normal infection pockets, but does not initiate ITs, convincing evidence has been obtained that the initiation of an IT is necessary for the normal development of the nodule [85] . Mtlin-4 forms nodules (by 60 days after inoculation) with a centrally located vascular bundle [85] , like a lateral root, or an actinorhizal nodule [86] . Nodules of Mtlin-4 were characterized by a modified pattern of cytokinin and auxin markers, indicating that early abortion of IT development leads to disturbances in the regulation of cytokinin and auxin signaling, which leads to an abnormal development of the nodule [85] .
In L. japonicus, the gene Nodule Specific RING Finger (LjnsRING) was revealed using the methods of "reverse" genetics [87] . This gene encodes a potential nodule-specific E3 ubiquitin ligase with a RING-H2 domain with a zinc finger. Expression of LjnsRING was significantly activated in inoculated roots and nodules. In young and mature nodules, expression was associated with infected cells. Knocking down the gene with RNA-interference led to a serious disruption in the development of ITs, and they were blocked at the stage of penetration from the root hair cells into the cortical cells [87] .
Participation in the development of an IT in M. truncatula was also shown for another group of E3 ligases, Seven in Absentia (SINA), which, in addition to the RING finger domain have an additional the SINA domain [88] . The increase in the level of transcription of the MtSINA4 gene was shown during the development of nodules. To reveal the role of SINA proteins, heterologous expression in M. truncatula of the gene of Arabidopsis thaliana SINAT5 and its mutant form SINAT5DN, having a dominant negative manifestation, was studied. In M. truncatula plants 35S::SINAT5DN, the number of nodules was reduced, and some of them were ineffective. In such nodules, the infection threads were irregular in shape and formed outgrowths, and the number of bacteria was reduced [88] .
In M. truncatula, the Rhizobium-directed polar growth (MtRPG) gene was detected, the Mtrpg mutation led to abnormalities in the development of infection chambers. They were formed with a delay, in addition the root hair curling was frequently incomplete and new growth sites were formed [89] . ITs were thickened and slowly growing. Thus, the root hairs of the Mtrpg mutant did not respond to colonization with rhizobia by changes in polar growth. At the roots of the mutant, uninfected nodules are formed, although occasionally the formation of pink nodules is possible, but with fewer infected cells. Expression of the MtRPG gene is significantly activated by inoculation of the roots with rhizobia, and it is observed in root hairs, in infected root hairs, in emerging primordia, and in developing and mature nodules in the infection zone. The MtRPG gene encodes a protein belonging to a new family of plant-specific proteins with a specific "PPR" (RPG-related proteins) domain and coiled-coil domain. It is suggested that MtRPG can be a transcriptional activator regulating genes involved in spatial subcellular reorganization leading to the deposition of cell wall material and membrane material at the sites of new polar growth in the curled tip of the root hair and IT [89] .
An important role in the development of an IT was shown for small GTPases of the ROP family. In L. japonicus, LjROP6 interacts with the receptor to the Nod factor LjNFR5 in the plasma membrane [90] . After inoculation with M. loti, enhancement of LjROP6 expression in the root hairs, root vascular bundles, nodule primordia, and young nodules was observed. In RNAi plants, the number of ITs growing to nodule primordia is significantly reduced, which indicates that LjROP6 is a positive regulator of IT formation [90] . It was later shown that LjROP6 also interacts with the heavy chain of clathrin CHC1 [91] . The gene of L. japonicus Clathrin Heavy Chain 1 (LjCHC1) is constitutively expressed in all organs of the plant, and its expression is not activated by inoculation with rhizobia. In the genome of L. japonicus, there is a LjCHC2 homologue, and it has been shown that LjROP6 can interact with both LjCHC1 and LjCHC2, exhibiting functional redundancy. Immunocalization revealed the localization of LjCHC1 and LjCHC2 in infection pockets and around ITs, and plasma membrane of plant cells. Transgenic lines, in which the synthesis of the Hub domain is increased, that led to the disruption of the assembly of light and heavy clathrin chains, formed a reduced number of nodules. A similar effect was provided by knocking down the LjCHC1 gene by RNA interference. The reduced number of nodules was caused by a decrease in the number of ITs and primordia. It is suggested that LjROP6 induces the transition of the CLC1 monomer from the cytoplasm to the plasma membrane, enhancing the endocytosis of the plasma membrane proteins, and clathrin may be involved in endocytosis of LjNFR5 [91] .
In M. truncatula, a small GTPase MtROP10 is localized on the plasma membrane of the tips of the root hairs, regulating their growth [92] . Overexpression of MtROP10 resulted in the formation of several outgrowths at the tip of the root hair and in the formation of several microcolonies, but ITs from them did not develop. Also, aborted ITs forming sac-like structures in the root hairs were observed, only a few threads reached the cortical cells, and double threads in the root hair were observed. MtROP10 was localized in the plasma membrane of the root hair outgrowths induced by the action of Nod factors. It was shown that MtROP10 interacts with the intracellular domain of the MtNFP receptor. It is assumed that MtROP10 is temporarily activated in the root hairs by the action of Nod factors, which leads to an ectopic localization of MtROP10 in the plasma membrane at the tip of the root hairs, where it interacts with receptors to Nod factors in lipid rafts, causing changes in the polarity of the tip of the root hairs [92] .
M. truncatula Cystathionine-β-synthase-like1 (MtCBS1) is also involved in the development of an IT [93] . Mutants in this gene formed inefficient small white nodules. The first abnormalities were observed at the stage of initiation of the IT growth from the infection pocket in the root hair, as a result of which increased in size or multiple microcolonies were formed. The number of ITs reaching the base of the root hair was significantly reduced, and they contained a small number of bacteria or were empty. In later stages of development, the mutant was characterized by an increased infection zone, with only a small number of infected cells, and some of the ITs were swollen. Expression of MtCBS1 was first observed in the epidermis and in the layers of outer cortex, later with the cells through which the IT passes, and in the nodules in the infection zone and the meristem. Activation of the MtCBS1 gene with the MtNIN transcriptional regulator was demonstrated. The protein MtCBS1 was localized in ITs and symbiosomes. Based on data on homologous proteins in A. thaliana, the function of MtCBS1 in the maturation of the IT wall was suggested [93] .
It was shown that the gene of M. truncatula Nuclear Factor YA1 (MtNF-YA1), encoding the transcription factor, for which participation in the development of symbiosis at late stages was shown [94] , is also involved in the control of infection development [95] . Expression of this gene was activated already 6 hours after inoculation with rhizobia, and it was observed in curled root hairs, in root hairs with growing ITs, in cortical cells through which the IT passeds, and also in the infected cells. The mutant Mtnf-ya1 was observed to form a reduced number of nodules with a greatly reduced level of nitrogen fixation. The growth of most ITs was arrested either at the stage of the microcolony, or in the root hair, while they formed sac-like swellings. In the case of the formation of the nodule, the ITs of the mutant were characterized by thinner wall, in comparison with the wild type. Thus, it was suggested that the transcription factor MtNF-YA1 controls the development of the IT, including its walls [95] . Although the MtNF-YA1 gene is activated already 6 hours after inoculation with rhizobia, the mutant Mtnf-ya1 is blocked at a later stage of symbiotic development, compared with other mutants in genes activated by Nod factors [95] . This phenotype was shown to be associated with the presence in the genome of M. truncatula of the second MtNF-YA2 gene exhibiting a redundant activity with the MtNF-YA1 gene [96] . At the same time, there were differences in the expression of both genes. MtNF-YA1 was activated in root hairs in plants treated with the Nod factors, and expression of MtNF-YA2 was also observed in the cortex and the vascular system. Knocking down the MtNF-YA2 gene with RNA interference in mutant plants Mtnf-ya1 led to a more severe block in nodule development. Most infections were blocked in curled root hairs. A similar phenotype was observed when both genes were knocked down. Both transcriptional factors MtNF-YA1 and MtNF-YA2 have been shown to regulate the Nod factor-activating expression of MtERN1 and MtENOD11. MtNF-YA1 can act synergistically with the MtNSP1-MtNSP2 complex, activating MtERN1. In turn, MtNIN regulates the expression of MtNF-YA1, but not MtNF-YA2 [96] .
M. truncatula mutants Mtnip (numerous infections and polyphenolics)
were obtained which were characterized by the formation of small inefficient nodules. ITs were expanded, in comparison with the wild type, and also strongly ramified. The bacterial release was observed only in individual cells from increased infection droplets. In cells adjacent to cells with ITs, accumulation of polyphenolic compounds was observed [97] . Later, a strong allele Mtlatd (lateral root organ-defective) was identified. The mutant Mtlatd formed small white nodules, unable to fix nitrogen. Infection is limited at the stage of branching of the IT in the nodule primordia. As a pleiotropic effect of the mutation, the development of the lateral roots was limited [98] . It has been shown that the MtLATD/MtNIP gene encodes a potential NRT1 family (PTR) transporter transferring nitrate or other substances [99] .
Mutants of M. truncatula vapyrin (Mtvpy) formed several small white nodules in which abnormal enlarged ITs were observed [100] . Most of the infections were blocked in the cells of the root hairs and never penetrated the cortical cells; the number of infections was increased, compared to the wild type. When plants were grown for a long time, single pink nodules formed on the roots, in which partial nitrogen fixation were observed. Expression of the MtVpy gene was significantly enhanced in the nodules, it encodes a protein with the N-terminal major sperm protein domain and ankyrin repeats at the C-terminal domain. The protein was localized both in the nucleus and in the cytoplasm. It was suggested that MtVPY can be associated with vesicular transport, involving in exocytotic polar growth of ITs [100] .
The mutant M. truncatula Mtapi (altered nodule primordium invasion) was characterized by abnormalities at the early stages of IT development, when a large number of infections were blocked after the formation of microcolonies. Also, in the case of activation of the growth of ITs through the root hair cells, most of them were blocked in the layers of the cortex adjacent to the nodule primordium. As a result, abnormal infection structures of various shapes and sizes, containing rhizobia, were formed. The mutant Mtapi was characterized by a "leaky" phenotype, because rare nodules with abnormal ITs, but capable to fix atmospheric nitrogen, although with reduced efficiency, were formed. The molecular product of the gene was not detected [101] .
In L. japonicus, several loci have been identified, mutations in which lead to abnormalities in the development of ITs [44, [102] [103] [104] . The mutant Ljcrinkle (Ljsym79) formed two types of nodules. In small white nodules, ITs were blocked at the stage of growth of the IT from the root hair cell to the root cortex cells. In pale pink nodules, infection progressed and infected cells were formed [44] . Four loci of Infection-Thread Deficient (LjITD) were identified, the mutations in which lead to the formation of small white nodules, and the Ljitd2 mutation is allelic to the previously identified Ljsym7 locus. In mutants, in all four loci, the majority of infections were blocked after the formation of infection pockets and single ITs developed, whereas the nodules remain uninfected. Only after prolonged cultivation, a few pale pink nodules were formed [103] . In the mutants at the loci Ljsym82 (allelic Ljsym6 [105] ) and Ljsym80, small white nodules were also formed, in which the infection was blocked after the formation of the infection pocket or in the root hairs [104] .
Formation of infection droplets
Infection droplet is unwalled outgrowth from IT, from which rhizobia are released into the host cell cytoplasm, being surrounded by symbiosome membrane [23] . A dense network of endoplasmic microtubules is observed around the infection droplet, which is probably related to the preparation of the bacterial release [106] . Little is known about the genetic control of infection droplet formation and functioning. In M. truncatula, a component of SNARE complex MtSYP132 was most abundant on the infection droplet membrane [107] . The mutant in the gene Pssym40 is characterized by the formation of hypertrophic infection droplets [33] (Figure 2g ). This gene is the ortholog of the MtEFD gene [108] . The MtEFD gene encodes a transcriptional factor, which negatively regulates cytokinin levels [109] . In mutants in the Mtnip gene (encoding putative nitrate transporter) [97] and Ljnup133 gene (encoding a nucleoporin) [110] , the infection droplets were also increased.
ITs in mature nodules
The development of ITs is not limited to infection of the nodule primordia. In temperate legumes, such as P. sativum, Medicago sativa, Vicia faba, and others, nodule meristem functions for a long time, and such nodules are called indeterminate. As a result of the meristematic activity, new cells constitutively leave meristem and can be infected. These cells form an infection zone into which ITs penetrate and grow, reaching meristematic cells. Longitudinal endoplasmic microtubules surround the IT and form a channel through which the IT grows [106] . One of the main components of the matrix of ITs and droplets is arabinogalactan-protein and extensins [76] . Defects in IT and droplet development in pea mutants in the genes Pssym33 and Pssym40 are accompanied with abnormal distribution of arabinogalactan-protein and extensins [111] . An important role in the maturation of the IT wall belongs to hydrogen peroxide [112, 113] . A possible role of ethylene in IT wall maturation was also suggested [114] .
Several genes have been identified that control the development of IT in nodule. The mutant for the Pssym33 pea gene forms the "locked" thickened ITs, from which the bacteria do not release into the cytoplasm of the plant cell [33] . This gene is the ortholog of the genes MtIPD3 and LjCYCLOPS [53] . It is noteworthy that one of the alleles of this Pssym33-3 gene leads to a leaky phenotype and the mutant forms two types of nodules: with and without rhizobia [33] .
However, in the nodule without bacterial release in some cells, infection droplets still form [54] and bacterial release is observed [55] . The development of abnormal ITs leads to the activation of defense reactions manifested in their suberinization [115] . Abnormal ITs are also described in the nodules of mutants in Pssym32 gene [32] , but its nucleotide sequence is not detected. A mutant in the Pssym42 gene, whose nucleotide sequence is not yet detected, is characterized by the formation of thickened walls around ITs [32, 116] , which are enriched with callose [115] (Figure 2e, f) .
In L. japonicus, the mutant Ljalb1 (aberrant localization of bacteria inside nodule) formed two types of nodules: in small white nodules, hypertrophied ITs were formed, lacking bacterial release, and in pale pink nodules, infected cells were formed [117] .
In M. truncatula, mutants impaired in the IT development in mature nodules were also identified, but they have not been described in detail [118] .
Regulation of the number of ITs
During the nodule development, a significant amount of ITs are aborted [119] due to the autoregulation mechanism [120] .
Disruption in the regulation of the number of ITs was observed in mutants in genes involved in pathways of signal transduction of phytohormones [121, 122] . In M. truncatula, the mutant sickle, insensitive to ethylene, formed 10 times as many nodules as the wild type [123] . In the mutant, unlike the wild type, numerous infections are successfully developed. Unlike the wild type, the Mtsickle mutant was insensitive to the treatment with ethylene and 1-aminocyclopropane-1-carboxylic acid (the precursor of ethylene biosynthesis), which indicates an abnormality in the transmission of the ethylene signal. Mtsickle carries a mutation in the gene ETHYLENE-INSENSITIVE (MtEIN2), which is a key component in the pathway of signal transduction activated by ethylene [124] . Synthesis of stress-activated proteins was reduced in the mutant in comparison with the wild type, which probably allows a much greater number of infections and nodules to develop [125] . In L. japonicus, there are two copies of the LjEIN2 gene in the genome, and their knockdown also leads to an increase in the number of infections and nodules [126] .
The L. japonicus mutant for the HYPERINFECTED (LjHIT1) gene has hyperinfection of the root, but most infections are aborted in the cortical cells without infecting them [127] . At the same time, there is no development of nodule primordia. Sometimes, there is a release of bacteria from ITs, resulting in the formation of large and flattened nodules, or nodules like those of the wild type. It was shown that Ljhit1 is an allele of the gene Lotus histidine kinase 1 (LjLhk1), which encodes a receptor for cytokinin. It was suggested that LjLhk1 is not necessary for the development of infection [127] . It was previously shown that the expression of the LjNIN gene in cortical cells activates the synthesis of CLAVATA3 (CLV3)/EMBRYO SURROUNDING REGION (ESR)-RELATED (CLE) peptides that negatively regulate nodule formation [128] . The Ljhit1 mutant does not activate expression of the LjNIN gene [127] , which probably leads to a lack of activation of the synthesis of CLE peptides and, correspondingly, hyperinfection.
Conclusion
Using the genetic approach to study a set of pea mutants impaired at the early stages of nodule development, the existence of two independent but coordinated genetic programs, controlling infection thread growth and nodule organogenesis, accordingly, was suggested [37] . Since then, thanks to the achievements of molecular genetics of model legumes, sequences of many genes controlling the development of an infection thread have been identified. These genes encode different transcriptional factors, LysM receptor kinases, E3 ubiquitin ligases, SCAR/WAVE actin regulatory complex, nitrate transporter, remorins, flotillins, proteins involved in membrane biogenesis and traffic, and some other components. Despite the significant progress made in the study of genetic control over the infection thread development, many aspects are still insufficiently studied. Thus, genes that control the reorganization of tubulin cytoskeleton elements have not been identified. It is not enough known about the genes involved in the formation and functioning of infection droplets. Also, little is known about the genes involved in the control over the development of an infection thread in a mature nodule. The precise function and sequential functioning of many identified genes also still remains unclear, and the existence of parallel pathways involved in infection initiation and growth was suggested [129] . Moreover, some genes, like MtNIN, may have different roles in epidermis and root cortex [130] . The complexity of the genetic control over the development of the symbiotic nodule, including the growth of the infection thread, makes it necessary to conduct further research. 
